Abstract-An advantage for some wide bandgap materials, that is often overlooked, is that the thermal coefficient of expansion (CTE) is better matched to the ceramics in use for packaging technology. It is shown that the optimal choice for uni-polar devices is clearly GaN. It is further shown that the future optimal choice for bipolar devices is C (diamond) owing to the large bandgap, high thermal conductivity, and large electron and hole mobilities. A new expression relating the critical electric field for breakdown in abrupt junctions to the material bandgap energy is derived and is further used to derive new expressions for specific on-resistance in power semiconductor devices. These new expressions are compared to the previous literature and the efficacy of specific power devices, such as heterojunction MOSFETs, using GaN are discussed.
thinner drift regions (because of the associated higher critical electric field values) that can result in much lower on-resistance than is possible in Si [1] - [3] . There are however, several disadvantages associated with the use of devices fabricated from wide bandgap materials. Among these is that the ratio of the electron to hole mobility values range much higher than in Si, so that the use of wide bandgap semiconductors for bipolar devices is not desirable.
An advantage to the use of some wide bandgap materials that is often overlooked is that the thermal coefficient of expansion (CTE) is better suited to the ceramics used today in packaging technology. It is expected that semiconductor materials that have a closer CTE match to available electrically insulating (thermally conducting) ceramics can more easily be adapted for higher power and wider temperature excursion applications than for Si. A review of the CTE and thermal conductivity of important package materials and selected semiconductors are discussed to highlight the possible advantages of non-Si options. From these thermo-mechanical arguments, the choices of desirable semiconductors are narrowed to SiC, GaN, and C (diamond).
The use of specific on-resistance, , to compare theoretical limits of different semiconductor materials has been widely accepted as an appropriate figure-of-merit when discussing different semiconductor materials for possible use in producing power devices [1] , [2] . The specific on-resistance expression is derived using the theoretical maximum breakdown voltage achievable for an abrupt -junction. The breakdown voltage expression is in turn derived from the relationship for the critical electric field necessary to produce carrier multiplication (avalanche) at the junction. The critical electric field is often expressed in terms of the bandgap energy of the semiconductor. Therefore, it is possible to express the specific on-resistance in terms of the bandgap energy as a means to provide a direct comparison between different semiconductors. It is shown that the commonly used expression relating the critical electric field and the bandgap energy is limited and generally incorrect based on currently available data. It follows that the previously derived expressions for breakdown voltage and specific on-resistance are also limited and generally incorrect. A new expression relating the critical electric field for breakdown in abrupt junctions to the material bandgap energy is derived and is further used to derive new expressions for specific on-resistance in power semiconductor devices. These new relationships are developed based on the available data for a much larger number of different semiconductor materials (critical field values) than was used (or available) to derive the older expressions. Comparisons between the old expressions and the newly derived ones are presented. The new expressions for specific on-resistance show that the use of wide bandgap semiconductor materials is much better than previously predicted.
In addition, the maturity and expense of material processing will ultimately play a role in the optimal choice of the semiconductor system best suited for power semiconductor devices. It will be shown that the near-term optimal choice for uni-polar devices is clearly GaN. It will also be shown that the future optimal choice (qualified choice due to CTE mis-matches) for bipolar devices is C (diamond).
II. OPTIMAL SEMICONDUCTOR MATERIALS
In Table I various semiconductor material parameters are listed. The references for the material parameters in the table are denoted with capital letter superscripts and are listed separately in the reference section at the end of the paper.
From the table, it can be noted that the materials with a value of thermal conductivity close to or exceeding Si are GaN, GaP, SiC, and C (diamond). Of these four semiconductors, GaP has much lower carrier mobility values than Si. The best semiconductor material for the future is C (diamond). It has the largest thermal conductivity and bandgap of any of the materials from Table I . Diamond also has the largest electron mobility of any material from Table I with a bandgap larger than Si. However, there are two aspects of C (diamond) that make it less than ideal. First, the material and device fabrication technology is much less mature and developed than for SiC and GaN. Second, the CTE for C (diamond) is very low. Comparing the value of 0.8 ppm/K to typical package material CTE's (listed in Table II and compared in Fig. 1 ) there is a clear thermo-mechanical mismatch, though this may be offset by the extremely high thermal conductivity and the future possibility of integrating diamond substrates directly with diamond-based semiconductor devices to eliminate the CTE mismatch. In fact, it could be reasoned that diamond devices on an insulating (intrinsic or polycrystalline) diamond substrate would cause no CTE mismatch and provide low thermal resistance and high electrical isolation.
GaN and SiC are by comparison to C (diamond) very well suited to typical package materials, and in fact provide a better thermo-mechanical match than Si as shown in Fig. 1 . The thermal conductivities of typical package materials and several semiconductors are graphed in Figs. 2 and 3, respectively. In addition, the material and device fabrication technology is much more advanced for SiC and GaN such that the near-term power device development will be directed into these material systems.
Most discussions of packaging related to wide bandgap semiconductors have been with respect to operation at elevated temperatures. A good overview of general problems in using wide bandgap semiconductors and associated packaging at high temperatures is covered by [4] . There have been many reports of the thermal degradation of Schottky barriers and ohmic contacts in GaAs circuits and devices, and in AlGaN/GaN heterostructures, such as given by [5] , [6] . Advanced electronic packaging materials and designs have been discussed thoroughly in [7] . Specific discussions of the ceramic substrate behavior, aging, and comparisons of use in module designs are described in [8] - [12] .
SiC is beginning to be used in commercial power devices, particularly Schottky diodes, though the use of SiC in bipolar devices is questionable. However, GaN and related III-V devices are also being used in RF and electro-optic applications. Various poly-types of SiC shown below have electron mobilities Table I that are above or near the value of Si at 300 K (W/m 1 K). GaN* refers to GaN films grown over SiC substrates so that the thermal impedance of the device becomes closer to that of SiC.
similar, but generally less than in GaN. The hole mobilities are very similar in value to GaN, as well as the CTE values.
Generally, maximizing the thermal conductivity of the semiconductor material and the associated package material is desirable. SiC has a larger thermal conductivity than GaN. However, it can be argued that this advantage is more than offset by the larger bandgap, and well known associated properties such as the theoretical maximum junction temperature of operation (intrinsic temperature) and the critical electric field, in GaN. It is therefore determined that GaN is at present, one of the best semiconductor materials for consideration in advanced power electronic devices based on a close CTE match to insulating ceramics, a reasonable value of electron mobility, and a thermal conductivity value not much different than in Si.
III. CRITICAL ELECTRIC FIELD AND BANDGAP ENERGY
The usual calculations of on-resistance based on the critical electric field of the material are shown to be inaccurate. Based on new calculations from additional data, a more precise on-resistance calculation shows even greater advantage to wider bandgap materials, thus favoring GaN over SiC further.
A. Traditional Derivation
The traditionally used empirical expression for ionization rates of holes and electrons is of the form: (1) where , , and are empirical fit parameters based on measured ionization rates of Ge, Si, GaAs, and GaP [13] . The function is the position-dependent electric field associated with either abrupt junctions or linearly graded junctions. The expression in (1) then leads to a calculation of the critical electric field, , for breakdown in abrupt junctions. Using the expressions for abrupt junctions, a relationship between the critical field and bandgap can be created as given in [13] , [14] : (2) where is the electron charge, is the permittivity of the semiconductor material, is the impurity doping concentration on the low-doped side of the junction, and is the bandgap energy. It should be noted that in Si power semiconductors the impurity concentration on the low-doped side of the junction is typically in the range of 10 -10 cm , resulting in a dependence of the critical field on the bandgap energy to the power of 0.75 and relatively independent of the exact value of . The expression in (2) has been used extensively in the literature [1] - [3] , [14] to derive empirical dependencies between bandgap and critical field or breakdown voltage, and to further derive forms of on-resistance, , or specific on-resistance, , as figures of merit for power device performance [1] - [3] , [14] - [16] .
B. New Derivation
Using the values in Table I for critical field (in V/cm) and bandgap energy (in eV), a least squares fit to the data was per formed to derive a new relationship in the form of (3) The form of (3) is proposed based upon the similarity to the form of (2). In (2), the critical field is empirically derived as being proportional to the bandgap energy raised to a power of 0.75 (given a fixed background doping concentration). A similar form is given by (3), but the leading coefficient and the exponent are derived based upon much more data than was used to derive (2). Equation (2) was derived using three indirect-and one direct-gap semiconductors combined. By comparison, the constants in (3) were derived using data for seven indirect-and six direct-gap semiconductors. The results of the derivation using the form of (3) are given below in Table III . Impurity doping dependencies were ignored due to the fact that power semiconductors typically utilize low doping concentrations to enhance voltage hold-off capabilities.
It should be noted that the values in Table III indicate that there is great advantage to using direct-gap semiconductors to obtain large critical field values. As an optimal semiconductor for power electronics was determined to be GaN, from the previous discussions of thermo-mechanical properties above, the relationship between critical field and bandgap energy in direct gap materials is given below in (4). Comparison of (4) to (2) indicates a greater advantage to wide bandgap materials than was previously derived from the limited data set used by [13] . Using the numbers derived from Table III (2), (4), and (5) as well as the data from Table I , assuming a nominal base doping density of 10 cm . Equation (2) works well for Si and GaAs and somewhat less well for Ge. This is to be expected because (2) was derived by optimizing the relationship using only Si, Ge, GaAs, and GaP. Note that (2) greatly overestimates the critical field for small bandgap values and underestimates the critical field for wide bandgap materials as compared to the reported values. Use of (5) for indirect gap semiconductors provides a better fit to the experimental data reported in Table I than does (2). However, (5) does predict lower than reported values of critical electric field for 6H-and 4H-SiC. As the material quality of SiC improves, variations in reported values will reduce. It is expected that a future revision to (4) and (5) be necessary as material quality in all of the semiconductors improves and values of the critical field stabilize for each material system. Note that (4) and (5) show the increase in critical field as the bandgap increases even when directly comparing directand indirect-gap semiconductors. An argument could be made that providing separate expressions is redundant, but based on a least-squares error fit to the data, the two expressions (4) and (5) present a better predictive tool than can be achieved using (2) . More importantly, it should be stressed that (4) and (5) can be used primarily to make comparisons among material systems rather than making predictions about the absolute value of a particular critical field associated with a particular semiconductor.
IV. SPECIFIC ON-RESISTANCE CALCULATION AND COMPARISON
Using (1) and (2) as obtained from [13] , and extended by [14] , the voltage breakdown value, , for an abrupt junction in terms of bandgap energy and concentration on the lightly doped side of the junction is given as (6) The corresponding expression based on the newly derived dependencies from (3) is given as (7) where and are the appropriate parameters from Table III, and is the relative permittivity of the material. Carrying through with the physical behavior associated with an abrupt junction and using (3) and (7), a specific on-resistance, , expression can be calculated as given in (8) . The on-resistance value refers to the structure of a majority carrier device, specifically for electrons because of the larger value of mobility, and only accounting for the drift-region drop (e.g., ignoring other contributions to the device forward voltage drop during conduction) (8) Substituting specific parameter values of and , from Table III, into (8) gives the final results, (9), for . The reader is reminded that the derived parameters are based on a power relation, (3) , between the critical field and the energy bandgap using data from Table I . A least squares fit to the data is used to derive specific values of and
The new results in (9) are as compared to previous results given by [14] - [16] : (10) The equations for are compared in Fig. 5 . Note that (10) overestimates the on-resistance for both SiC and GaN primarily because the basis for the derivation of (10) depends upon (2). Equation (2) was created based on data that was closely fitted to Si. The close overlay of curves in Fig. 5 for Si indicates the expected similar results.
V. GaN AND RELATED MATERIALS, AND FABRICATED DEVICES
Unique materials properties of GaN-based semiconductors have stimulated a great deal of interest in research and development in materials growth and opto-electronic, and electronic devices using this semiconductor system. The major advantages of nitride-based devices that make them extremely promising for high-power high-temperature applications are high electron mobility and saturation velocity, high sheet carrier concentration at heterojunction interfaces, high breakdown field, and low thermal impedance when grown over SiC substrates. The chemical inertness of nitrides is a key property to provide high reliability.
The major problems with the nitride based devices are related to the material quality. Since there is no bulk GaN crystals avail- able to date, the epitaxial films are grown over sapphire or SiC substrates. In both cases due to significant lattice mismatching the films contain a high concentration of defects, which affects the breakdown voltage, the carrier mobility, device reliability and other important characteristics. Typical values for the room temperature electron mobility in the doped GaN films do not exceed 300 cm /V-s, though 900 cm /V-s has been reported (ref. Table I ). Some Schottky rectifiers have been reported [17] . The breakthrough in the GaN based transistor development though, is associated with the demonstration of the high-density two-dimensional (2-D) electron gas at the AlGaN/GaN interface [18] . Due to extremely large bandgap offsets at the interface, the 2-D gas density in the AlGaN/GaN heterostructures can be as high as 2 10 cm , which is about 10 times higher compared to AlGaAs/GaAs structures. It was also shown that in the 2-D gas, the screening of the defect and impurity scattering allows for much higher mobility, up to 1500-2000 cm /V-s. Since the first demonstrations in 1991 and 1992, several groups had reported high power operation of AlGaN/GaN Heterostructure Field-Effect Transistors (HFET's) at microwave frequencies [19] - [21] , including a 100 W output power single chip amplifier developed by Cree, Inc. and 100 GHz cut-off frequency devices reported in [22] .
The maximum current achievable in the nitride based HFET's, , is 1-2 A/mm of the device periphery. Here -cm is the carrier sheet density at the AlGaN/GaN interface and -cm/s is the electron saturation velocity. The breakdown voltage of the HFET's is limited either by the impact ionization in the channel or by the surface breakdown, depending on the device design and geometry.
The device characteristics can further be improved by incorporating a thin, 100 Å, insulating layer under the gate. This insulating layer, which can be made using either SiO (MOSHFET) [23] , or Si N (MISHFET) [24] films reduces the gate leakage current by 4-6 orders of magnitude and also allows for a large positive gate voltage swing. This almost doubles the maximum current available from the device. Typical HFET and MOSHFET device structures are shown in the Fig. 6(a) and (b) .
The Fig. 7 shows the experimental dependence of the MOSHFET breakdown voltage on the gate-to-drain spacing. The measurements were done for the HFET's with 1 m gate length fabricated over insulating SiC substrates. Two plots in Fig. 7 correspond to the HFET with an unprotected AlGaN surface and to the device passivated with 0.3 m thick layer of silicon dioxide. The associated value of the electric field at breakdown in the MOSHFET is much lower than predicted by (3) and (4). The achieved breakdown, lower than the theoretical maximum value of critical field, is currently limited because of the lack of material uniformity and the large number of crystal lattice defects. It is expected that the actual breakdown will approach the theoretical limit as device processing and material growth technology mature. Fig. 8 shows thecharacteristics of the AlGaN/GaN MOSHFET's for high-power switching applications [25] . In the figure, the device current density was normalized to the total device area, which includes the 5 m source-drain spacing and 50 m wide source and drain ohmic contacts. As seen, the combination of high current density and large breakdown voltage make MOSHFET's promising candidates for high power switching applications. The on-state specific resistance is seen to be 75 m -mm (7.5 10 -cm ) from Fig. 8 . In comparison, the predicted theoretical specific on-resistance for a 500 V breakdown device (9b) built in GaN is around 2 10 -cm as shown in Fig. 5 . The previously used relationship for specific on-resistance (10), also predicts a lower than realized value. These results indicate that the material quality problems associated with GaN and AlGaN heterostructures has considerable room for improvement left before truly high quality power devices can be realized. However, these improvements are progressing at a rapid pace and much improved device performance can be expected in the next few years.
The MOSHFET is a normally-on device and thus requires active gating to keep it off. This can be a limitation in some power electronic circuits, however, many gate-drivers for Si IGBT's, MOSFET's, and thyristors often use a small reverse bias applied to the gate to help with noise immunity and blocking capability. It is thus noted that an active gate signal during the off-state of the MOSHFET is not a particular handicap. Generally, a vertical structure is preferred in power devices to limit surface effects on the bulk device performance and to maximize current density capability. Improvements in material quality for GaN/AlGaN and SiC systems will greatly enhance performance of planar structures. Ultimately, vertical versions of devices such as MOSHFET's will improve performance further.
A suitable package design for operating devices designed using GaN and related materials, such as the MOSHFET, would include pressure contacts to eliminate all wirebond connections and solder layers. A substrate material of interest is AlSiC because of the close CTE match to GaN and the fact that many GaN devices are grown on SiC substrates. The use of AlSiC/SiC in direct contact could provide a good starting platform for device growth. Another ceramic of interest is using polycrystalline AlN with the GaN/AlGaN device grown directly on top. This would provide a very good CTE match (between molar fractions of AlGaN in the electronic device and AlN in the insulating substrate) between materials. The envisioned package would be very desirable if operating conditions required high junction temperatures.
VI. CONCLUSION
It was argued that GaN, SiC, and C (diamond) are the best semiconductor material systems in which to create future power electronic devices. Very few semiconductors have an electron to hole mobility ratio below three and also have an electron mobility above 1000 cm /V s. Diamond is one of the few that meets these conditions. The near unity mobility ratio of diamond makes it ideal for bipolar device designs, particularly in operating environments of elevated temperatures. The close match and high values of carrier mobilities, as well as the large bandgap and high thermal conductivity, make diamond the ideal future material for electronic devices of all power levels and types. However, in light of the maturity of the fabrication technology, large bandgap (larger than SiC) and thermo-mechanical material properties, GaN appears to be the next best choice, overall, for the upcoming decade of development. Only slightly less desirable is the use of SiC for power electronic devices. The material quality and impurity doping issues associated with SiC make it presently unusable for high powered bipolar devices. However, because 4H-SiC has a bandgap close to GaN, the material system that can address the quality issues first and best will likely win out. It was shown from the specific on-resistance comparison that theoretically GaN should be a better choice for optimizing electrical behavior, though it and SiC are much better than using Si.
It has been shown from data reported over the past decade that the traditionally used relationship between energy bandgap and critical electric field is incorrect to use with semiconductor materials for which it was not optimized. Two new relationships, one for direct-gap and another for indirect-gap materials have been derived using reported data for 13 different semiconductors. A least-squares fit to the data was performed and coefficients derived for an exponential relation. The associated relationships for specific on-resistance were re-calculated in light of the new bandgap-critical field equations. A comparison of the revised equations for was given and showed that wide bandgap materials are potentially better for high voltage devices than previously thought.
Finally, a discussion of some practical material concerns for GaN and related semiconductor systems was provided. It was shown that reduced carrier mobility could be overcome by 2-D electron gas formation using heterojunction structures. Specific examples for a MOS device was given (MOSHFET) that incorporated layers of AlGaN, GaN, and AlN on both SiC and sapphire substrates.
